In recent years several attempts have been made to clarify the mechanism of the aerobic control of glycolysis by using cell-free preparations (Terner, 1954; Graffi & Schneider, 1956; Aisenberg, Reinafarje & Potter, 1957; Von Korff & Twedt, 1957; Tiedemann & Born, 1958; Sisakian & Pinus, 1958; Von Korff, 1959; Gatt & Racker, 1959; Cremer, 1960; Schwartz & Lee, 1960; Tiedemann & Born, 1960) . Only in some of these studies was evidence obtained of an interaction between respiration and glycolysis, as implied by the so-called 'Pasteur effect'.
In recent years several attempts have been made to clarify the mechanism of the aerobic control of glycolysis by using cell-free preparations (Terner, 1954; Graffi & Schneider, 1956; Aisenberg, Reinafarje & Potter, 1957; Von Korff & Twedt, 1957; Tiedemann & Born, 1958; Sisakian & Pinus, 1958; Von Korff, 1959; Gatt & Racker, 1959; Cremer, 1960; Schwartz & Lee, 1960; Tiedemann & Born, 1960) . Only in some of these studies was evidence obtained of an interaction between respiration and glycolysis, as implied by the so-called 'Pasteur effect '. In previous work from this Laboratory it was confirmed that about 10 % of the glycolytic activity of whole-brain homogenates prepared with a blender is associated with the mitochondrial fraction obtained by the usual differentialcentrifuging procedures. The aerobic inhibition and the site of inhibition of lactate formation in the glycolytic chain were also studied with this preparation (Balazs & Lagnado, 1959; Balazs, 1959) . In this paper results are given of an investigation of the interaction of glycolysis with respiration; experiments on the effects of respiratory inhibitors and uncouplers of oxidative phosphorylation are also described. It is concluded that more than one mechanism is operative in the aerobic control of glycolysis associated with brain-mitochondrial preparations. One mechanism involves a specific aerobic inhibition of glyceraldehyde phosphate dehydrogenase: another mechanism appears to be closely connected with the processes of oxidative phosphorylation. Part of this investigation has been published (Bal&zs & Richter, 1960a) . EXPERIMENTAL Abbreviation. BAL, 2,3-Dimercaptopropanol. Preparation of brain-mitochondrial fraction of rat brain. The method previously described (Balazs, 1959; Balazs & Lagnado, 1959) was followed. The two hemispheres were homogenized in a NIRD blender (Nelco Ltd., Shalford, Surrey), in 2 vol. of 0 25M-sucrose containing 0-025M-nicotinamide, for 45 sec. at 10 000 rev./min. The sucrose solution was then added to make a 10% homogenate and the suspension was homogenized for a further 30 sec. at the same speed. The nuclear fraction was sedimented at 15OOg for 10 min. in a MSE 20 refrigerated centrifuge. The supernatant was centrifuged again at the same speed and time. The mitochondrial fraction was collected and washed once at 18 OOOg for 10 min. The final pellet was suspended in the nicotinamide-containing sucrose solution.
Media. The basic medium was prepared freshly from stock solutions and contained 6 mM-MgCl2, 2 mM-EDTA (Na salt, pH 7 2), 25 mM-nicotinamide, 10 mM-KH2PO4, 20 mM-tris (adjusted to pH 7-2 with HCI) and sufficient KCi to bring the osmolarity to 0-3 after the addition of all the constituents to the final incubation medium. The pH of the basic medium was adjusted to 7-2 after the addition of the substrates. The pH of the medium was maintained generally by prior adjustment of the pH of the additives when necessary. A few compounds were used in alkaline solutions: sodium 5-ethylamylbarbiturate (Amytal), 2-n-heptyl-4-hydroxyquinoline N-oxide and dicoumarol. In these cases the pH of the basic medium was adjusted to 7-2 after the addition of these substances. The final volume in the main compartment of the Warburg flask in the absence and presence of the cofactors (2 mm-ADP and 0-33 mM-NAD+) was 1-5 and 2*0 ml. respectively.
Special chemicals and reagents. Sodium Amytal was a gift from Eli Lilly and Co. Ltd. Dicoumarol was a gift from Organon Laboratories Ltd. 2-n-Heptyl-4-hydroxyquin-oline N-oxide was a gift from Dr J. W. Lightbown (National Institute for Medical Research, Mill Hill) . This compound was dissolved in 1 mM-KOH and the concentration was determined with a Hilger Uvispek spectrophotometer by using the molar extinction coefficient at 346 m,u reported by Cornforth & James (1956) . Antimycin A (Wisconsin Aluminium Research Foundation) was dissolved either in ethanol or dimethylformamide. Some experiments with this substance were carried out with a sample kindly supplied by Dr F. A. Holton (Medical Research Council, Hammersmith Hospital) .
Crystalline glyceraldehyde phosphate dehydrogenase was prepared by the method of Cori, Slein & Cori (1948) . Tris (0-03M) was used instead of pyrophosphate in the assay of the enzyme and the reaction was carried out at pH 7-2. The enzyme was six times recrystallized. Before use the enzyme suspension was centrifuged, the crystals were dissolved in 1 mm-EDTA, pH 8, and the solution was dialysed for 5 hr. at pH 8 against five changes of 1 mm-EDTA. The preparation had an activity of 22,umoles of NADH formed/min./mg. of protein at 180. The protein was determined by the method of Cori et al. (1948) .
Pyruvic acid (AnalaR, British Drug Houses Ltd.) was redistilled and the sodium salt prepared by the method of Price & Levintow (1952) :
The following chemicals were obtained from sources indicated: cytochrome c, ac-oxoglutaric acid and tris (L. Burris & Stauffer, 1945 ) the centre well contained 0-1 ml. of 20% (w/v) NaOH. Temperature equilibration was carried out with open stopcocks for 6-10 min. and results were extrapolated for this preincubation period. Unless otherwise indicated the reaction was stopped after incubation for 40-60 min. by trichloroacetic acid, HC10 or Ba(OH)2 according to the substances to be measured. The content of metabolites was measured usually in a zero-time control and the change in concentration was calculated by subtracting these values from the values obtained after incubation.
In the experiments with cyanide and azide the alkali was omitted from the centre well. Since cyanide and hydrazoic acid are volatile (Umbreit et al. 1945) , the anaerobic vessels were gassed for 6-5 min. and the cyanide or azide was injected with an Agla microsyringe into the vessels through a rubber tube that was fixed to the side arm. Then incubation was continued for the required length of time. Controls were incubated in air and N2 for 7 min. and the value of the content of measured metabolites was subtracted from the experimental value.
In the experiments with glutathione and cysteine, these compounds were dissolved and the pH was adjusted to 7-2 just before incubation was started. They were added to the medium immediately before the addition of the mitochondrial suspension.
Analytical method8. Lactate was determined from perchloric acid-or trichloroacetic acid-treated filtrates (final concn. 3 and 5%, w/v, respectively) by the method of Barker & Summerson (1941) as described by Bal'azs (1959) . Glucose was measured after Zn-Ba precipitation (Somogyi, 1945) with the reducing reagent of Somogyi (1952) by the method of Nelson (1944) . Inorganic phosphate was measured by the method of Lohmann & Jendrassik (1926) . Alkali-labile phosphate (in this system the sum of fructose diphosphate and triose phosphates) was determined by the method of Kiessling (1938) . Protein was determined by the method of Lowry, Rosebrough, Farr & Randall (1951) . Pyruvate was measured by the method of Friedemann & Haugen (1943) . From one portion the 2,4-dinitrophenylhydrazones of the keto acids were extracted for 5 min. with benzene and from another for 25 min. with ethyl acetate. The extraction was accomplished with a mechanical mixer (Matburn Ltd.). Regular measurements of E at 435 m,u were made with a Unicam SP. 600 spectrophotometer.
The colorimetric determination of pyruvate in the samples was checked by the enzymic method of Segal, Blair & Wyngaarden (1956) . From 18 determinations the quantity of pyruvate measured by the enzymic method was 98-16 1-01% of that determined by the colorimetric method. When metabolites were determined by enzymic methods the samples were precipitated with HC104 (3%, w/v, final concn.). The pH of the perchloric acid-treated filtrates was adjusted to about 6 with KOH. The filtrates were kept in an ice-water bath for 30 min. and potassium perchlorate was removed by centrifuging in the cold. A portion of the supernatant was used in the assays.
L-Glycerol 1-phosphate and 3-phosphoglycerate were determined by the method of Hohorst, Kreutz & Biicher (1959) with slight modifications. The formation and disappearance respectively of NADH was followed at 340 m,u with a Hilger Uvispek or with the Unicam SP. 700 recording spectrophotometer (light-path 1 cm.). The final volume in each case was 2-8 ml. The molecular extinction coefficient (e) of NADH at 340 m,u was assumed to be 6-22 x 103. The medium for L-glycerol 1-phosphate determination contained 0-07 M-hydrazine sulphate, 0-18M-glycine, 0 9 mm-EDTA (pH of a solution containing these three substances was adjusted before use to 9-5) and 1-2 mM-NAD+. Since the incubation media contained pyruvate it was necessary to find whether the lactate formed was due to glycolysis or to the dismutation of pyruvate (Krebs & Johnson, 1937; Weil-Malherbe, 1937) . The magnitude of the dismutation of pyruvate was obtained by measuring the lactate produced and pyruvate consumed in the absence of glycolytic substrates. Furthermore, pyruvate was also determined when glucose or fructose diphosphate was used as substrate. Table 1 summarizes these results. Lactate formation from pyruvate was very small in all the conditions tested when compared with the production of lactate from glycolytic substrates. When measured in N2 in the absence of cofactors the lactate formed from pyruvate was only 7 % of the production of lactate in the presence of glucose; in the presence of cofactors this was about 5 %. Moreover the lactate produced from pyruvate alone was only 2 % of that formed from pyruvate and fructose diphosphate together in the presence of ADP and NAD+. The pyruvate consumption in N2 was also low, although bigger than the theoretical value (2 moles of pyruvate consumed/mole of lactate formed) for the dismutation reaction. This was found to be due mainly to the oxidation of pyruvate during the period until anoxia was established. In a few experiments controls were incubated and gassed for 7 min. and the value for the pyruvate and lactate content was subtracted from the experimental value. The relation of lactate formed to pyruvate consumed was very near to the theoretical (Table 4 ). The dismutation of pyruvate in the presence of respiratory inhibitors was found to be similar to that observed in N2. The uptake of pyruvate in the presence of glycolytic substrates in N2 or in the presence of respiratory inhibitors did not indicate an increase in the dismutation of pyruvate to lactate. These results give evidence that the lactate formation from glucose and fructose diphosphate was mainly due to glycolytic reactions.
Rate of glycolysis and the aerobic inhibition of lactate formation under different experimental condi-32 tions. The rate of lactate formation was found to be nearly linear for 1 hr. at 37.50 under all experimental conditions tested (Figs. 2, 3 ). The addition of ADP and NADI increased lactate production from glucose. The lactate formation was even higher when fructose diphosphate was the substrate in the presence of cofactors. The relative rates in N2 under these conditions were 100, 266 and 608 % respectively. The aerobic inhibition of lactate formation was greatest in the absence oi cofactors (78 %); it was about 40 % when ADP and NADI were added to the medium (Table 1 ).
An aerobic inhibition of glucose consumption was obtained only in the absence of added cofactors. The magnitude of this inhibition agreed closely with the observed inhibition of lactate formation. The uptake of pyruvate in the presence of fructose diphosphate in air was much smaller than in the controls that did not contain fructose diphosphate. It was found that the fructose diphosphate used contained a small amount of impurity (mainly phosphoglycerate), which produced pyruvate during incubation.
Effect of respiratory inhibitors on glycolysis in the absence of ADP and NAD+. The nature of the interaction of respiration with glycolysis was further investigated in a system containing glucose without added cofactors. It was found that respiratory inhibitors acting at several different points in the respiratory chain were able to reduce substantially the aerobic inhibition of glycolysis in this system (Table 2 ). There was some uptake of 02 that could not be depressed by increasing the concentrations of the inhibitors. However, the aerobic inhibition of glycolysis was at most very slight in the presence of this residual electron transport.
Part of the electron-transport chain concerned in aerobic control of glycolysis. In these experiments the respiratory chain was blocked at certain points and electrons were fed in by suitable electron donors.
(a) Effect of restoration of electron transport between cytochrome c and 02. Antimycin A inhibits electron transport between cytochrome b and c (Potter & Reif, 1952 Vol. 86 497 R. BALAZS aerobic glycolysis was not markedly inhibited under these conditions (Table 3) .
(b) Effect of the restoration of the electron transport between cytochrome b and 02. It is possible to block the respiratory chain between NADH and flavoprotein with Amytal (Ermster, Jalling, Low & Lindberg, 1955) , and electron transport can occur between cytochrome b and 02 when succinate is added to the inhibited system. In preliminary experiments it was found that the half-maximal effect of Amytal in increasing aerobic glycolysis was produced at a concentration approximately 0-6 na. In the experiments reported here 1-8 mk-Amytal was used: this concentration produced maximal inhibition of NAD+-linked respiration and maximal increase in aerobic glycolysis.
Lactate formation from pyruvate in the absence of glucose was increased by Amytal to the anaerobic value (Table 4A) . When succinate was added together with pyruvate the aerobic lactate formation was greater than the anaerobic. The lactate formation in air from pyruvate was further increased by Amytal (Table 4B ). In the presence of succinate and Amytal the ratio of lactate formed to pyruvate used in air was greater than the theoretical value that would be expected for the dismutation of pyruvate. This indicates that in this case only a relatively small part of the lactate obtained was formed by a dismutation of pyruvate. It is known (Chance & Hollunger, 1957; Birt & Bartley, 1960) that succinate is able to increase the amount of mitochondrial NADH: it is possible that some reduction of pyruvate was produced in this way. (Fig. 1) . BAL had no effect on the aerobic inhibition of glycolysis in a medium containing glucose as glycolytic substrate in the absence of added cofactors (Expt. 3, Table 10 ).
Joint operation of the two inhibitory mechanisms of the aerobic control of glycolysis. The two inhibitory mechanisms could be studied together in a system that contained fructose diphosphate and glucose as glycolytic substrates in the presence of ADP and NAD+. Addition of glucose to a system containing fructose diphosphate and cofactors produced an increase in the anaerobic lactate formation, whereas glycolysis was not affected in air. When dinitrophenol and glyceraldehyde phosphate dehydrogenase were added separately the aerobic inhibition of lactate formation was decreased (Table 11) . The combined addition of dinitrophenol and the enzyme produced comparable glycolysis in air and in N2.
Reversibility of aerobic inhibition of glycolysis by changing the gas phase. Fig. 2 shows an experiment in a system containing glucose in the absence of added cofactors when the gas phases were reversed after incubation for 30 min. The rate of glycolysis changed according to the phase, whether from air to N2 or the reverse. This also applied to the systems where fructose diphosphate was the glycolytic substrate in presence of ADP and NAD+. 
DISCUSSION
The heterogeneous composition of the brainmitochondrial fraction is now generally recognized (Beaufay, Berleur & Doyen, 1957; Petruschkha & Giuditta, 1959; Whittaker, 1959; Aldridge & Johnson, 1959) . That glycolytic activity is obtained in this fraction does not necessarily imply that all the enzymes involved in the conversion of glucose into lactate are localized in the mitochondrial particles (BalAzs & Lagnado, 1959; Johnson, 1960) . Density-gradient centrifuging, which can to some extent separate the different particles present in the mitochondrial fraction, could not be used in the present work since some of the properties of brain mitochondria that are apparently concerned in the interaction of respiration and glycolysis (e.g. oxidative phosphorylation and respiratory control) are affected by the high concentrations of solutes required for this procedure. It should be emphasized therefore that the brain-mitochondrial system can serve only as a basis of approach to whole-cell studies.
The formation of lactate in the brain-mitochondrial system under the conditions of the present experiments was shown to be mainly due to glycolysis. The amount of lactate formed through the reduction of pyruvate by NADH generated by processes other than the oxidation of glyceraldehyde phosphate was relatively small; the anaerobic dismutation of pyruvate could account for only 2-7 % of the total lactate formed, depending on the experimental conditions (Table 1 ). In the dismutation reaction the NADH produced by the oxidation of 1 molecule of pyruvate is utilized by lactate dehydrogenase to form lactate from another molecule of pyruvate. The rates of dehydrogenation and reduction of pyruvate in the brain-mitochondrial preparations were much greater than the rate of anaerobic dismutation of pyruvate. Succinate is known to increase the amount of mitochondrial NADH (Chance & Hollunger, 1957; Birt & Bartley, 1960) and in the presence of succinate and Amytal (Table 4) . Thus these observations indi-* ***** cate the presence of a rate-limiting reaction in the formation of NADH from pyruvate in nitrogen, e.g. a restriction in the removal of acetyl-CoA 9e X eD ¢ (suggested by Professor Sir Hans Krebs).
co $ X The NADH produced at the oxidoreductive step of glycolysis was oxidized mainly by pyruvate and lactate dehydrogenase in the brain-mitochondrial . .
system. This could be shown when mitochondrial preparations fortified with ADP and NAD+ were incubated with fructose diphosphate, pyruvate and fluoride in the presence or absence of arsenate * -* $$ * (Table 7) . Under these conditions the main reactions are as shown in (1) and (2). Pyruvate+ NADH + H+ lactate +NAD+ (2) Under these conditions the amount of NADH produced by the oxidation of glyceraldehyde phosphate was given by the amount of phosphoglycerate formed. Dihydroxyacetone phosphate + NADH + H+e-L-glycerol 1-phosphate + NAD+ (3) The concentration of L-glycerol 1-phosphate found after incubation in air was less than in nitrogen, but this may be because this substance is oxidized by brain-mitochondrial preparations. The transfer of reducing equivalents from NADH produced by reaction (1) to the oxidation sites of the electrontransport chain was apparently restricted in the brain-mitochondrial system, since the amount of NADH that did not react by reaction (2) ( Table 7 , e -c) was relatively small and could be mainly accounted for by the L-glycerol 1-phosphate formed. These properties ofthe brain-mitochondrial fraction make it a convenient system for studying the mechanism of the aerobic control of glycolysis.
The present work shows that, contrary to the previous assumption (Balazs, 1959) , the reversible aerobic inhibition of glycolysis associated with brain-mitochondrial preparations depends on more than one mechanism; two separate mechanisms may be demonstrated by selecting suitable experi- Table 12 . The aerobic inhibition of glycolysis in the unfortified system (about 70 % inhibition both of glucose consumption and lactate formation) is removed by respiratory inhibitors (cyanide, Amytal, antimycin A and 2-n-heptyl-4-hydroxyquinoline N-oxide).
Electron transport does not appear to be the major factor in the control of glycolysis by this mechanism since (1) the residual respiration, which is insensitive to antimycin A, hydroxyquinoline Noxide and Amytal, cannot maintain the aerobic inhibition and (2) uncouplers of oxidative phosphorylation (dinitrophenol and dicoumarol) remove the aerobic inhibition of glycolysis although they increase the rate of electron transport approximately threefold. The effect of respiratory inhibitors and uncouplers of phosphorylation on the aerobic control of glycolysis was confirmed by Rendina & Hellerman (1961) in the brain-mitochondrial system. Similar results obtained with cell-free preparations of Ehrlich ascites-tumour cells were reported by Tiedemann & Born (1960) while these experiments were in progress.
In the 'fructose diphosphate-fortified system' neither respiratory inhibitors nor the uncouplers of phosphorylation decreased the aerobic inhibition of lactate formation.
The difference in the mechanism of the two inhibitions was clearly shown by the difference in their response to added crystalline glyceraldehyde phosphate dehydrogenase. The addition of the enzyme had no effect on the aerobic inhibition of lactate formation in the 'glucose-unfortified system', but was able to reduce it substantially in the 'fructose diphosphate-fortified system'. Both inhibitions are completely reversible, as is shown by changing the gas phase from air to nitrogen.
The inhibition of glycolysis in the 'fructose diphosphate-fortified system' appears to be a direct, specific inhibition of glyceraldehyde phosphate dehydrogenase in the presence of oxygen (Balazs, 1959 Hatch & Turner (1959) found that oxidation of the essential thiol groups of this enzyme was responsible for the aerobic inhibition of glycolysis in a pea-seed extract. These authors have put forward a probable mechanism for the reversible aerobic inhibition of glycolysis in this system: they conclude that there is a non-enzymic metal-catalysed oxidation of the thiol groups of the enzyme and an enzymic reduction of the protein disulphide groups (Hatch & Turner, 1960) . It is feasible that a similar mechanism is involved in brain-mitochondrial preparations, but certain differences must be considered. It is unlikely that the oxidation of the protein thiol groups is brought about by metal catalysis in brain-mitochondrial preparations since the chelating agent EDTA (2 mM), which protects the pea-seed enzyme, was regularly included in the reaction medium in the present experiments, but did not prevent the inhibition of glyceraldehyde phosphate dehydrogenase.
The pea-seed glyceraldehyde phosphate dehydrogenase can be protected from oxidation by anaerobic conditions, or by monothiols, such as glutathione; in brain-mitochondrial preparations the enzyme could be reactivated by anaerobic conditions, but glutathione or cysteine was almost ineffective. BAL, on the other hand, removed the inhibition of the brain glyceraldehyde phosphate dehydrogenase completely; a 50 % protective effect was observed with about 0 3 mm-BAL.
The protective action of BAL suggests that in the functional part of the brain glyceraldehyde phosphate dehydrogenase vicinal dithiol groups may be involved. The results of Peters, Sinclair & Thompson (1946) give some support to this possibility. They found that the sensitivity of brain glyceraldehyde phosphate dehydrogenase to tervalent arsenicals, which are considered to be fairly specific inhibitors of dithiol groups, was much higher than that of the muscle enzyme. 6 pAMLewisite inhibited the brain glyceraldehyde phosphate dehydrogenase by 58 %, whereas 300 ,uMlewisite had no effect on the muscle enzyme. Another possible explanation for the protective effect of BAL might be that it inhibits an enzyme that oxidizes the thiol groups of glyceraldehyde phosphate dehydrogenase. Such an effect of BAL is known to occur with enzymes containing heavymetal prosthetic groups (polyphenol oxidase, tyrosinase, catalase, peroxidase). However, these euzymes are usually inhibited also by cyanide (Hurwitz, 1955; Lerner, 1953) , but cyanide was ineffective in the brain-mitochondrial system.
The other controlling mechanism of glycolysis in which phosphorylation is concerned and which is shown most clearly in the 'glucose-unfortified system' behaves very much like the Pasteur reaction in the whole cell. The main similarities are: (1) both glucose consumption and lactate formation are inhibited under aerobic conditions; (2) the aerobic inhibition of glycolysis is removed by respiratory inhibitors and by uncouplers of oxidative phosphorylation; (3) the inhibition is completely reversible. It was suggested by that the Pasteur reaction in mitochondrial systems might operate through the formation of some hypothetical high-energy intermediate of oxidative phosphorylation, which is able to inhibit the phosphofructokinase reaction and perhaps also the hexokinase reaction. Passonneau & Lowry (1962) , studying the kinetic properties of purified phosphofructokinase, put forward the idea that this enzyme may be primarily responsible for the Pasteur reaction in the intact cell. They found that at low substrate concentrations comparable with those in the cell, the activity of this enzyme is increased by low concentrations of ATP or high concentrations of AMP, ADP and inorganic phosphate; such conditions occur when oxidative phosphorylation is inhibited in the whole cell. Our results have also given evidence that the aerobic control of glycolysis in the 'glucoseunfortified system' is connected with oxidative phosphorylation. However, evidence was previously given (BalAzs & Richter, 1960b ) that the aerobic inhibition of glucose uptake under these conditions is due to a restricted availability of mitochondrial ATP for the phosphorylation of glucose. There was no indication of an inhibition of hexokinase by glucose 6-phosphate, since the phosphorylation rate was not stimulated when yeast hexokinase was added, or when glucose was replaced by 2-deoxyglucose (Balazs, Magyar & Richter, 1962) . Although the inhibition of phosphofructokinase was not excluded as a controlling mechanism in the present system, the low rate of the hexokinase reaction was apparently sufficient to account for the aerobic inhibition of glucose uptake. When adenine nucleotides (AMP, ADP or ATP) were added to the system an accumulation of fructose diphosphate was observed (Balazs, 1959) , but a dinitrophenol-sensitive aerobic inhibition of lactate formation still remained (Table 5) . Thus the present results, if they can be applied to the whole cell, indicate that a compartmentation of ATP in the cell may play a major role in the Pasteur reaction; this was previously suggested by Lynen & Koenigsberger (1951) , Racker (1956) and Chance & Hess (1959) . However, it is probable that also in the intact cell the Pasteur reaction is the result of the operation of more than one mechanism.
Since the observations in the 'glucose-unfortified system' indicated that oxidative phosphorylation is involved in the aerobic control of glycolysis, an attempt was made to determine whether the three (Webb & Elliott, 1951) . This shows that the aerobic control of glycolysis is not dependent on oxidative phosphorylation in general. The observation that the aerobic control of glyco The a-galactosidases have not been studied as extensively as P-galactosidases. Thus a review of these enzymes by Wallenfels & Malhotra (1961) devotes 50 pages to an account of ,B-galactosidases but only 8 pages to the corresponding a-enzymes. In addition almost all of the oc-galactosidases that have been examined in any detail have come from yeasts, moulds or higher plants. Bacterial enzymes of this class appear to be rare. Carrere, Lambin & Courtois (1960) , for example, investigated the intestinal flora of many animal species, including ruminants, and obtained only one bacterial strain, from guinea-pig intestine, which produced an ac-galactosidase.
Many pasture plants contain oc-linked galactose present in oligosaccharides such as raffinose and the galactosylgalactosyl glycerides of the lipid fraction (Weenink, 1961) . Cattle and sheep feeding on pasture metabolize these compounds in their rumens, the microflora of which should, therefore, contain organisms producing oc-galactosidases. A preliminary study (Bailey, 1962) suggested that this was the case and cell extracts from mixed rumen bacteria were found to exhibit oc-galactosidase activity. The enzyme was also found in the cells of one rumen bacterial species, Streptococcus bovis. Extracts prepared from the cells of this organism grown in a glucose medium contained scarcely any other simple oligosaccharidases. A detailed study of the S. bovis o-galactosidase has now been made and the results obtained form the subject of the present paper. EXPERIMENTAL Buffers. The following buffers were used: sodium citrate (01M, pH 60), sodium acetate (0 iM, pH 60), sodium phosphate (0 1M, pH 6 0) and citric acid (01IM)-disodium hydrogen phosphate (0-02M) (Mcllvaine, 1921 ; pH 6-0 except in studies on the effect of pH on enzyme activity).
Organism. S. bovis, strain I (Bailey & Oxford, 1958) , was revived from a freeze-dried culture prepared from cells that had been grown in the glucose medium described below. The organism was grown in a medium containing glucose (1%, w/v), sodium acetate (anhydrous) (1-2 %, w/v), Bacto-Yeast Extract (0-5 %) and Bacto-Tryptose (1.4%, w/v). Cultures were incubated at 370 under aerobic conditions with the atmosphere in the flasks enriched with C02 gas.
Cell extracts. Medium was inoculated and incubated for 18-20 hr., by which time good growth had occurred and the cultures contained 2-3 g. wet wt. of cells/I. Cells were harvested by centrifuging at 25 OOOg for 30 min. and washed by suspending in either acetate or citrate buffer and
